A compact electron cyclotron wave resonance (ECWR) source has been developed for the high rate deposition of hydrogenated tetrahedral amorphous carbon (ta-C:H). The ECWR provides growth rates of up to 1.5 nm/s over a 4-inch diameter and an independent control of the deposition rate and ion energy. The ta-C:H was deposited using acetylene as the source gas and was characterized as having an sp 3 content of up to 77%, plasmon energy of 27 eV, refractive index of 2.45, hydrogen content of about 30%, optical gap of up to 2.1 eV and RMS surface roughness of 0.04 nm. q 1999 Elsevier Science S.A. All rights reserved.
Introduction
The magnetic storage disk consists of an AlMg substrate, a NiP base layer, a Cr texturing layer, and a layer of ferromagnetic polycrystalline Co alloy which acts as the storage medium. The disk rotates rapidly and a read-write head¯i es' just above the disk on a hydrodynamic air bearing. It is found necessary to coat the disk and the head surface with a protective layer, to prevent wear and mechanical damage during head crashes. Diamond-like carbon (DLC) is nowadays the only material for this application, as it is able to make a smooth, very continuous ®lm of low thickness.
The storage density of these disks is increasing rapidly, presently by about 50% per year [1] , a similar rate to the speed increase of microprocessors. The density increase is possible by using ever smaller areas to hold each bit of data, and this requires lower head¯ying heights, and so thinner DLC layers. The next generation of disks requires DLC layers of order 10 nm thickness with a roughness of under 1 nm [2] .
Presently, the DLC overcoats are hydrogenated amorphous carbon (a-C:H) deposited by reactive sputtering of graphite in an Ar, hydrogen atmosphere. Sputtering is used because it is used for the metal layers. However, there is doubt whether the quality of a-C:H formed by sputtering is suitable for future generations of magnetic disk. Other technologies are being considered.
Suitable technologies for carbon coating must be able to make continuous ®lms of 5 nm thickness, under 1 nm roughness, at deposition rates of 10±20 nm in 8 s (that is, over 1.2 nm/s), with good uniformity over a certain area.
One such technology is the ®ltered cathodic vacuum arc (FCVA) [3, 4] . This method creates an intense plasma beam of carbon ions which is then passed through an axial magnetic ®lter to remove particulates. This method is capable of forming highly smooth ®lms of 0.05 nm RMS roughness and of very high hardness, 80 GPa at a high deposition rate of up to 3 nm/s [4] . The extreme properties of the tetrahedral amorphous carbon (ta-C) produced arise from the deposition from an almost fully ionised plasma beam.
Plasma enhanced chemical vapour deposition (PECVD) is another method frequently used to make a-C:H. However, PECVD must be carried out at a lower than usual pressure in order to give highly ionised plasma beams suitable for the best a-C:H. The plasma beam source (PBS) is one such source [5, 6] . This is a RF excited, capacitively coupled source in which magnetic con®nement is used to allow the plasma to operate at a low pressure of 10 24 mbar. The ta-C:H produced has good properties, such as hydrogen content below 30%, and up to 70% sp 3 bonding. However, this source is unsuitable for industrial usage because it only has a deposition rate is about 0.3 nm/s, and it has limited large area capabilities.
ECWR source
A new type of low pressure PECVD source has recently been developed to overcome most of the limitations of the PBS [7] . This is based on the electron cyclotron wave resonance (ECWR) principle. A schematic of the ECWR is shown in Fig. 1 . This source is a 13.6 MHz, single-turn inductively coupled source with a transverse magnetic ®eld. The transverse magnetic ®eld splits the electromagnetic wave into two circularly polarised waves. The righthand polarised wave is no longer re¯ected by the plasma, but is strongly coupled to the bulk plasma, so allowing ef®cient power transfer from the RF to the plasma and enabling the formation of a high plasma density two orders of magnitude higher than in a capacitive source. The refractive index of the plasma is also increased so that a half-wavelength of the wave can now equal the chamber dimensions, and creates a resonant condition. The ECWR design is similar to the helicon, but there the magnetic ®eld lies along the chamber axis and a different antenna must be used [8] .
The plasma density and thus the ion current density from the ECWR reactor varies approximately linearly with the RF input power. The ECWR source also possesses a grounded extraction grid with an additional rear electrode, which allows the application of a capacitively coupled 13.6 MHz RF self bias voltage to vary the ion energy of the plasma beam. This allows the ion energy to be varied independently of the ion current/deposition rate [7] . A single RF power supply supplies the inductive electrode and the capacitive electrode via a matching network.
Ta-C:H ®lms
The ECWR reactor was tested in a UHV chamber pumped by a 1300 l/s diffusion pump. A nitrogen plasma was measured using a double Langmuir probe to have a plasma density of between 10 10 and 10 11 cm
23
. The ion current was measured by a Faraday cup. For an acetylene plasma at 2 £ 10 23 mbar, an ion current density of up to 0.14 mA/cm 2 can be obtained at a RF power of 500 W, corresponding to a deposition rate of 1.5 nm/s (Fig. 2) . This rate is suf®cient for magnetic disk applications. The area uniformity is 5% over 4 inches [7] .
The ta-C:H ®lms were deposited onto silicon or quartz substrates held at room temperature. The sp 3 content was measured by electron energy loss spectroscopy (EELS). As in other ta-C and ta-C:H systems, the sp 3 fraction varies with ion energy (Fig. 3) , and reaches a maximum of 77% at an ion energy of 166 eV for acetylene. EELS was also used to derive the valence plasmon energy, which can be used as a measure of the density. The plasmon energy reached 27 eV. A mass density of about 2.38 g/cm 3 was derived from X-ray re¯ectivity. The optical properties of the ®lms were measured by a UV-vis spectrometer. The Tauc gap was found to be 2.1 eV and the E 04 gap 2.6 eV. The refractive index is a good measure of the degree of diamond-like bonding in DLC ®lms, with higher values indicating higher diamond-like quality. The refractive index was found to be 2.45.
The hydrogen content of the ®lms was measured by ERDA as just over 30%. The infrared spectrum shows that the majority of the hydrogen is bonded as sp 3 C±H and C±H 2 groups. The IR spectrum also shows C±C vibrations at 1536 cm 21 and 1680 cm
21
, due to graphitic and ole®nic groups respectively. This is the ®rst time the ole®nic groups have been so apparent in the C±C part of the IR spectrum of a DLC.
The Raman spectrum is also used as a diagnostic of bonding in DLC ®lms (Fig. 4) . The spectrum shows a strong G peak at 1550 cm
, and only a weak 'D' shoulder at 1345 cm 21 (the peak at 975 cm 21 is due to the Si substrate). This Raman spectrum is intermediate between the almost symmetric G peak spectrum of ta-C [9] , and that of regular a-C:H with a slightly stronger D shoulder [10] . Further work is being carried out to relate the spectrum to the sp 3 content. Fig. 5 shows an atomic force microscope (AFM) image of the surface topology. The roughness can be estimated as an RMS roughness of under 0.03 nm. This is suf®cient for disk coating applications of the future. 
